Abstract Overexpression of the transcription factor (TF) ATOH1 is known to induce the transformation of nonsensory cells in the organ of Corti into hair cells (HCs). Evaluating DNA 5′ to the coding sequence of the pou4f3 gene, a target of ATOH1 in HCs, we identified in three regions containing clustered binding sites for ATOH1 and several other TFs that are expressed in developing inner ear sensory epithelia at the time of HC specification. These regions and sites are highly conserved across evolutionarily distant mammalian species. To test the hypothesis that the identified TFs act in combination to regulate the pou4f3 gene, we transfected by electroporation neonatal cochlear sensory epithelium from mice expressing green fluorescent protein (GFP) under the control of an 8.5-kb 5' pou4f3 genomic fragment. Plasmids encoding 21 TFs c-transfected with human ATOH1 (hATOH1). Cotransfection with hETV4, hNMYC, or hETS2 produced significantly more pou4f3/GFP and myosin7A-positive nonsensory cells than hATOH1 alone. Co-transfection of hATOH1 with hHES1, hHES5, or hNEUROD1 reduced the effects of hATOH1. Chromatin immunoprecipitation (ChIP) of DNA from an inner ear cell line transfected with hNMYC, hETV4, or hETS2 revealed binding to a conserved region immediately proximal to the coding sequence. ChIP similarly revealed binding of hGATA3, hNMYC, and hTFE2 to a region several kilobases distal to the coding sequence, which we have previously shown to bind ATOH1. The results suggest that ATOH1 acts in concert with a subset of other TFs to directly regulate the pou4f3 gene and more broadly to regulate the HC phenotype.
Introduction
Sensorineural hearing loss (SNHL) that results from the loss of hair cells (HCs) in the organ of Corti (OC) is one of the most frequent neurosensory disorders. In the mature OC of the mammalian inner ear, once a HC dies, it is not regenerated. However, recently, the development of innovative molecular biological techniques has increased our understanding of the genes and cellular interactions that mediate the development of the inner ear. Based on this information, gene therapy has shown the potential to stimulate HC regeneration and replace HCs lost due to hereditary or environmental causes.
In this context, a number of studies have demonstrated that the basic helix-loop-helix (bHLH) transcription factor (TF) ATOH1 (also known as Math1) is a commitment factor that drives prosensory cells in the inner ear to develop as HCs. Thus, absence of ATOH1 results in a complete loss of HCs [1, 2] , while overexpression of ATOH1 has been shown to induce the transformation of supporting cells (SCs) in the inner ear into HCs [3] [4] [5] [6] [7] [8] and to improve vestibular function [9] . Recently, ATOH1 was shown to induce the differentiation of human umbilical cord mesenchymal stromal cells into cells that resembled HCs [10] .
The TF POU4F3 (also known as Brn-3.1, Brn-3c) is necessary for late HC differentiation, including their functional transduction and synaptic specializations, and for HC survival in the inner ear [11, 12] . Mutations in the pou4f3 gene are responsible for DFNA15, an autosomal dominant disorder characterized by progressive, nonsyndromic, sensorineural hearing loss [13, 14] . Pou4f3 mRNA is expressed in the inner ear very soon after the onset of ATOH1 mRNA, suggesting that ATOH1 may regulate the pou4f3 gene.
Evaluating potential regulatory regions upstream of the pou4f3 coding sequences, we previously identified paired binding sites for ATOH1 using bioinformatic analysis, a feature that was highly conserved among four mammalian species including mouse, human, dog, and cow [15] . We demonstrated binding of ATOH1 to this region by chromatin immunoprecipitation. We also identified conserved binding sites for three additional TFs, adjacent to these for ATOH1. We tested these TFs (TFE2, GATA3, and SP1) and found that two (TFE2 and GATA3) enhanced the ability of ATOH1 to activate the pou4f3 gene and induce myosin7A expression in the nonsensory cells of the neonatal OC [16] . This provided evidence that the conserved TF binding site can identify transcriptionally associated factors that co-regulate the pou4f3 gene and, more generally, the HC phenotype.
Based on these results, we performed a more detailed bioinformatic analysis of 8.5 kb of DNA 5′ to the pou4f3 ATG and identified additional highly conserved regions and TF binding motifs. We then determined whether any of these TFs can also act in combination with ATOH1 to co-regulate the pou4f3 gene and the HC phenotype.
Material and Method

Animals
The local animal subjects committee of the VA San Diego Healthcare System approved all procedures in accordance with the guidelines laid down by the National Institutes of Health regarding the care and use of animals for experimental procedures. Postnatal 1.5 (P 1.5) wild-type CBA/J or pou4f3/green fluorescent protein (GFP) transgenic mice on a CBA/J background were used. In the transgenic mice, 8.5 kb of DNA 5′ to the pou4f3 start codon drove the expression of eGFP (pou4f3/ GFP). Robust pou4f3/GFP expression is noted in neonatal cochlear and vestibular HCs and not in other cochlear cell types (Fig. 1) .
Bioinformatic Analysis
Homology analysis was performed on 8.5 kb 5′ to the murine pou4f3 ATG using stepwise alignment of human, mouse, dog, and cow genome sequences. Three regions of high sequence homology were detected: −400 to 0 bp, immediately 5′ to the start codon (91 % conserved, hereafter referred to as the proximal homology region),~70 bp located at −1,700 bp from the ATG (78 % conserved, distal homology region I), in addition to the~285 bp located at −8,200 bp from the ATG (85 % conserved, distal homology region II) as described previously [15] . These were considered to be candidate regulatory sequences. We also analyzed these sequences for TF binding sites that were conserved across all four species, using rVISTA. We then assessed TF expression in the inner ear sensory epithelium as reported in the literature and/or in the GenePaint expression database (http://www.genepaint.org/ Frameset.html), as present at embryonic day 14.5 (e14.5), the time of onset of pou4f3 expression, to explore their potential for involvement in pou4f3 gene regulation.
Cochlear Explant Cultures and Electroporation
Cochlear explants isolated from P1.5 mice were electroporated and cultured as previously described, with modifications [16, 17] . Briefly, cochlear sensory epithelia were isolated in cold Dulbecco's Modified Eagle Medium (DMEM)/F12. A Millipore filter membrane (30-mm-diameter culture plate insert; Millipore, Billerica, MA, USA) was placed in a sterile 60-mm-diameter petri dish. Five hundred microliters HBSS was placed at the center of a dish electrode (2-mm-diameter flat round electrode; CUY700P2E, NEPA GENE, Chiba, Japan). Five microliters of expression plasmid in HBSS was applied to the sensory epithelium while confirming that the tissue was well attached to the filter membrane. A cover electrode (2-mmdiameter flat round electrode; CUY700P2L, NEPA GENE) was placed above the tissue. An electroporator (CUY21EDIT, NEPA GENE) was used to apply five rectangular pulses (14 V, 30-ms duration with an interval of 970 ms). The filter membrane with the tissue was cut in adequate size to be transferred into 8-well Lab-Tek slides (Nunc, Naperville, IL, USA). After they were transferred to the slides, explants were filled with 250 μL of pre-warmed culture medium (high glucose DMEM, 10 % fetal bovine serum, 25 mM HEPES, 10 mg/mL ciprofloxin; SigmaAldrich, St. Louis, MO, USA). The explants were cultured in an incubator at 37°C with 5 % CO 2 and 95 % humidity for 2-3 h, and then, 500 μL fresh culture medium was added into the well. Thereafter, the culture medium was replaced with 500 μL fresh culture medium every 24 h. The explants were imaged daily using an inverted fluorescent microscope (IX70, Olympus, Tokyo, Japan), and native HCs were followed to differentiate them from transdifferentiated pou4f3/GFP+cells induced by transfection with plasmids.
Transfection of Sensory Epithelia with TFs and Imaging for Pou4f3/GFP and Myosin7A Expression
The plasmids used included human ATOH1 (hATOH1), hTFE2, hCUX1, hE2F1, hETS2, hETV4, hFOXM1, hHES1, hHES5, hGABPA, hGATA1, hGATA2, hGATA3, hMAX, hMAZ, hMEIS, hNERF, hNFE2, hNMYC, hCMYC, hPATZ1, hSOX2, and hNEUROD1 (Fig. 2) . All plasmids were purchased from OriGene (Rockville, MD, USA). Five days after transfection, GFP fluorescence was evaluated, and immunolabelling was carried out to detect myosin 7A+, which in the inner ear is a specific marker for the HC phenotype [18] . For immunolabelling, the explants were fixed with 4 % PFA for 15 min, permeabilized with 0.5 % Triton X-100 (Sigma) for 15 min, and blocked with 10 % fetal bovine serum for 15 min. They were then incubated overnight at 4°C with antimyosin 7A+ antibody (1:500; Proteus Biosciences; Ramona, CA, USA). Texas-Red-conjugated anti-rabbit antibody (1:100; Jackson Immuno Research, West Grove, PA, USA) was used as the secondary antibody. The fluorescent signal was visualized using an inverted fluorescent microscopy system (FSX-100, Olympus). Each cochlear epithelium was then divided into three equal sections by length which were defined as the apical, middle, and basal turns. The number of pou4f3/GFP-and myosin 7A+ cells was then counted for each turn.
Chromatin Immunoprecipitation
To determine whether hTFE2, hETS2, hETV4, hGATA3, and hNMYC bind to any of the conserved regions of the pou4f3 gene, chromatin immunoprecipitation was performed as previously reported [15] .
Each of six 75-cm 2 flasks of VOT-E36 cells was grown in MEM with 10 % FBS and 50 U/mL of γ-IFN (Invitrogen). After the cells were 80 % confluent (3×10 7 cells/flask), they were transfected with either Lipofectamine (Invitrogen) alone (negative control) or 10 μg of hATOH1-flg with Lipofectamine in serum-free media. Eighteen hours later, the transfection was stopped and the cells were allowed to grow for 48 h total. Cells were then treated with formaldehyde to a final concentration of 1 % for 10 min to crosslink DNA to protein. Cells were then washed in ice-cold PBS and collected using a cell scraper. The samples were sonicated to lyse the cells and shear the DNA/ chromatin complexes into 700-bp lengths. After cleanup of DNA, samples were immunoprecipitated with no antibody (control) or 15 μg of anti-flg (Abcam) antibody overnight at 4°C. Samples were then coupled to protein-A beads and washed to purify immunoprecipitated DNA. Decrosslinking was performed by Proteinase K treatment at 65°C overnight. Samples were cleaned using Affymetrix cDNA cleanup columns, and polymerase chain reaction (PCR) was performed on control and precipitated DNA, using primers that amplified Fig. 2 The region 5′ to the pou4f3 gene contains three regions (red) that are highly conserved across the human, mouse, dog, and cow genomes. Within these regions, motifs for TF binding are also highly conserved. Those that correspond to TFs that are expressed in the developing sensory epithelium are indicated. Motifs that are highly conserved, but which do not correspond to known TF binding sites, are indicated with question marks DNA from the proximal conserved region (forward: CTG GGA CAG GAC AGA GGT TTA GG; reverse: GCG GGG GAG ATG GAA TCA AG), distal conserved region I (forward: TTT CCA CAC TCT GCC CCC TC; reverse: CCT CTT AGC CTC CTC TTC TTC CTT TAG), or distal conserved region II (forward: AGA GAA AGA GAG AGG AAG GCA AGG; reverse: GGG CAG TTA GTT GGA ACC ACA G).
Data Analysis
To evaluate the level of pou4f3/GFP expression in each cell, the average brightness of individual HC was measured on Image J (US National Institutes of Health, Bethesda, MD, USA; [16, 19] . For each sample, ten pou4f3/GFP cells in the greater epithelial ridge (GER) were measured for the brightness of GFP expression The average GFP brightness of the cells were standardized against the average GFP brightness of native HCs in the same images, to correct for difference in image exposure.
The number of pou4f3/GFP+ and myosin7A+ cells in the GER of each cochlear turn was counted for each transfected explants. One-way ANOVA with Dunnett's multiple comparisons test was used to evaluate differences between individual conditions using SPSS statistics ver. 20 (IBM, Chicago, IL, USA). Differences with a corrected p value less than 0.05 were considered significant. The data were presented as means and standard deviations.
Results
Motif Analysis of 5′ DNA Binding Sites in the Pou4f3 Gene
We analyzed three regions of highly conserved sequence (proximal homology region and distal homology regions I and II) for TF binding sites that were conserved across all four species, using rVISTA. We also determined the expression of factors in inner ear sensory epithelia as reported in the literature and/or determined by in situ hybridization in the GenePaint expression database (http://www.genepaint.org/ Frameset. html) at E14.5. Sites for which TF expression was not confirmed were eliminated.
This analysis resulted in 21 predicted TF sites, some of which can support binding by multiple factors (Fig. 2) . Several of these TFs are already known to influence HC development.
Of particular interest were clustered E-boxes within these regions, three of which are known to be recognized by ATOH1 [20] , including two of which were closely spaced in the distal-most conserved region. Additional conserved sequences that did not correspond to known TF binding sites were also identified. Using these procedures, we identified 22
TFs as candidates that might potentially regulate the pou4f3 gene in cooperation with ATOH1: hTFE2, hCUX1, hE2F1, hETS2, hETV4, hFOXM1, hHES1, hHES5, hGABPA, hGATA1, hGATA2, hGATA3, hMAX, hMAZ, hMEIS, hNERF, hNFE2, hNMYC, hCMYC, hPATZ1, hSOX2, and NEUROD1.
Co-transfection of hATOH1 with hETV4, hNMYC, or hETS2 Produced Significantly More Pou4f3/GFP+ and Myosin7A+ Cells in the GER than hATOH1 Alone
In our P1.5 pou4f3/GFP transgenic OC, we found that transfection of hATOH1 alone induced pou4f3/GFP+ cells in the GER (n=8). We next tested the co-transfection of hATOH1 with either hTFE2, hCUX1, hE2F1, hETS2, hETV4, hFOXM1, hHES1, hHES5, hGABPA, hGATA1, hGATA2, hGATA3, hMAX, hMAZ, hMEIS, hNERF, hNFE2, hNMYC, hCMYC, hPATZ1, hSOX2, or hNEUROD1 (n=5-7 in each group). Co-transfection of hATOH1 with either hETV4, hNMYC, or hETS2 at 0.5 μg/μL induced significantly more pou4f3/GFP+ and myosin7A+ cells in GER than 0.5 μg/μL hATOH1 alone (Figs. 3 and 4) (p < 0.05). As a positive control, cotransfection of hATOH1 and hTFE2 induced more pou4f3/GFP+ and myosin7A+ cells in GER than hATOH1 alone, consistent with our previous research [16] . Transfection of plasmid encoding hTFE2 by itself also induced pou4f3/GFP+ cells in the GER as also noted previously [16] . In contrast, transfection of hGATA3 alone, hETV4 alone, hETS2 alone, or hNMYC alone did not induce any pou4f3/GFP+ cells in the GER (Fig. 4) .
Co-transfection of hATOH1 with hHES1, hHES5, or hNEUROD1 Produced Significantly Less Pou4f3/GFP+ and Myosin7A+ Cells in the GER than hATOH1 Alone
In contrast, co-transfection with hATOH1 with hHES1, hHES5, or hNEUROD1 produced less pou4f3/GFP+ and myosin7A+ cells in the GER than hATOH1 alone. These differences were statistically significant (p < 0.05) (Fig. 4) .
Co-transfection with the other TFs, hCUX1, hE2F1, hFOXM1, hGABPA, hGATA1, hGATA2, hMAX, hMAZ, hMEIS, hNERF, hNFE2, hPATZ1, and hSOX2, did not alter the effects of hATOH1 (Fig. 4) .
Co-transfection of hATOH1 with Double or Triple TFs Produced Significantly More Pou4f3/GFP+ and Myosin7A+ Cells in the GER than hATOH1 Alone
To determine whether or not there were additional combinational effects between the TFs identified in this and the proceeding study (hTFE2, hGATA3, hETV4, hETS2, and hNMYC), explants were transfected with hATOH1 plus various combinations of these TFs (n=6 or 7) (Fig. 5) . Co-transfection of hATOH1 plus these TFs at 0.5 μg/μL was statistically more effective than hATOH1 alone at 0.5 μg/μL, but the various combinations did not alter the effect compared to the double combinations of hATOH1 plus hTFE2, hATOH1 plus hETV4, hATOH1 plus hETS2, or hATOH1 plus hNMYC at 0.5 μg/μL, respectively (Fig. 7) .
Co-transfection of hATOH1 with hETS2, hE2F1, or hFOXM Induced Significantly Brighter GFP than hATOH1 Alone
We evaluated the level of GFP fluorescence in pou4f3/GFP+/ myosin7A+ GER cells in each group. The pou4f3/GFP+/ myosin 7A+ GER cells resulting from transfection of hATOH1 alone were similar in GFP intensity to endogenous pou4f3/GFP+ native HCs. The co-transfection of hATOH1 with hETS2, hE2F1, or hFOXM induced small but significant Fig. 3 Representative micrographs of transfection with hATOH1 alone (upper left) which induced pou4f3/GFP+ GER cells well inside the native HCs (arrowheads). hATOH1 in combination with hHES1 induced fewer GFP+ cells than hATOH1 alone (upper left). Transfection of hATOH1 in combination with hNMYC (lower left) or hETV4 (lower right) induced significantly more GFP+ cells than hATOH1 alone. Lower micrographs show a higher magnification of pou4f3/GFP and myosin7a expression after hATOH1/hNMYC transfection (box). Most GFP+ cells (left) were also myosin7A+ (middle), although a few cells were GFP+ but myosin 7A-(arrows). Scale bar, 200 μm (upper) and 100 μm (lower) increases in brightness when compared to hATOH1 alone (p<0.05) (Fig. 6) .
Immunoprecipitation of Conserved Regions from VOT-E36
Cells by Transfection hGATA3, hNMYC, hTFE2, hETV4, or hETS2
To determine whether hTFE2, hGATA3, hNMYC, hETV4, or hETS2 binds to conserved regulatory regions in the pou4f3 gene, we transfected VOT-E36 cells with hGATA3-flg, hNMYC-flg, hTFE2-flg, hETV4-flg, or hETS2-flg (Fig, 7) . After 72 h, chromatin immunoprecipitation (ChIP) was performed with an anti-flg antibody. Immunoprecipitated and unselected DNA were amplified with primers specific for the conserved homology proximal region or for conserved homology distal regions I or II.
PCR products produced by amplification of DNA from the proximal homology region of hNMYC, hETV4, and hETS2 selected DNA were much stronger than those produced from unselected DNA. More intense bands for the distal conserved homology region II were observed for hGATA3, hNMYC, and hTFE2. With distal homology region I primers, PCR bands were comparable between unselected and immunoprecipitated DNA for all factors (Fig. 8) .
The lack of enrichment obtained for distal homology region I with all antibodies, the negative ChIP results for the proximal homology region with GATA3 and TFE2 precipitation, and the negative results for distal homology region II with ETV4 and ETS2 precipitation, all serve as controls for the specificity of immunoprecipitation in positive ChIP reactions. 
Discussion
Result Summary ATOH1 is known to be required for hair cell fate determination. However, at sites outside the inner ear, ATOH1 is also involved in the determination of very different cell phenotypes: it plays a significant role in the development of Merkel cells, cutaneous touch receptors [21] , cerebellar granule cells [22] , and secretory cells in the colon [23] , as well as regulating mucin gene expression in various mucosal epithelia [24] . We speculated that tissue-and cell-specific factors must exist to Fig. 7 The level of GFP fluorescence in pou4f3/GFP+/myosin 7A+ GER cells were evaluated in each group. The pou4f3/GFP+/myosin 7A+ GER cells of co-transfection of hATOH1 with hETS2, hE2F1, or hFOXM induced a significant increase in brightness when compared to hATOH1 alone (p<0.05). * indicates a significant difference at p<0.05 from hATOH1 alone by one-way ANOVA with Dunnett's multiple comparison test. Error bars represent SD Fig. 6 Time course of pou4f3/ GFP expression in the GER of explant transfected with hATOH1 alone (a) and hATOH1 plus hNMYC (b). GER cells showed increasing expression of pou4f3/ GFP from postoperative day 1 to 5, while pou4f3/GFP+ HCs spread outward and some of the outer HCs were lost. Scale bar 200 μm differentiate the role of ATOH1 in inner ear HC formation. Because it is known that combinatorial TF codes can contribute to specific cell phenotype determination [25] , we hypothesized that this might be true of HC specification as well. We used bioinformatics to identify conserved TF binding sites in the pou4f3 gene, a target of ATOH1 in HCs. The results presented here demonstrate that several of these factors can act in combination with ATOH1, to regulate the number of nonsensory cells in the GER that express GFP under the control of 8.5 kb of DNA 5′ to the pou4f3 ATG. A partially overlapping set of TFs also enhanced the brightness of GFP expression in converted nonsensory GER cells. Enhancement of myosin7A co-expression in most GFP+ cells also provides evidence that these TFs more broadly affect adoption of the HC phenotype. Negative regulation of ATOH1 effects was also observed for HES1, HES5, and NEUROD1, which reduced ATOH1-induced expression of the pou4f3/GFP transgene and adoption of the HC phenotype. We have previously shown that ATOH1 binds directly to the regulatory sequence used to drive GFP expression in this study and more specifically to distal homology region II [15] . The presence of highly conserved binding sites suggests the possibility that those TFs that influence the effects of ATOH1 do so by direct interaction on nearby DNA. Our ChIP results confirm direct binding of different combinations of TFs to distal homology region II and the proximal homology conserved region.
ATOH1 Induces Pou4f3/GFP and Myosin7A+ Expression in the GER and This Effect Is Enhanced by NMYC
MYC (CMYC, NMYC, and LMYC) plays a role in virtually every cellular activity, but a primary function is in cellular proliferation [26] . MYC is a bHLH protein that dimerizes with Max to bind E-box sequences, and activate transcription [27] . In the inner ear, two bHLH proto-oncogenes, NMYC and LMYC, are typically co-expressed [28, 29] , whereas a third gene of the same family, CMYC, seems to play little if any role [30] . Moreover, conditional deletion of NMYC in the ear shows a massive reduction of labyrinth growth, mediated through reduced proliferation [28] . Consistently, overexpression of Fig. 8 PCR of DNA immunoprecipitated with anti-myc following transfection of VOT-E36 cells with hGATA3, hNMYC, hTFE2, hETV4, or hETS2-MYC/flg. The hNMYC and hETV4 and hETS2 showed a much more intense band for proximal region than was observed with unselected DNA (upper). PCR bands produced amplification of DNA from the distal homology region I were comparable between unselected and immunoprecipitated DNA (middle). The hGATA3, hNMYC, and hTFE2 showed a much more intense band for distal region II than was observed with unselected DNA (lower) NMYC results in increased labyrinthine size through increased proliferation [30] . LMYC appears to be of lesser importance in inner ear development [31] . These data are consistent with our results that only hNMYC altered the effects of hATOH1.
Two of the clustered E-boxes (one in distal homology region II and the other in the proximal homology region; Fig. 2 ) are consistent with binding by NMYC. The NMYC site in distal homology region II is immediately adjacent to a binding site preferred by ATOH1. However, interaction between ATOH1 bound to this region and NMYC bound to the proximal homology region could also be achieved, via appropriate DNA looping. Our data demonstrated that an antibody against tagged hNMYC preferentially immunoprecipitated both conserved proximal and distal region II DNA from hATOH1-transfected VOT-E36 cells, providing strong evidence of direct binding of hNMYC at these sites. The interactive mechanism by which NMYC might influence ATOH1 is not clear. However, MYC TFs are well known to influence chromatin structure [32] and thus gene expression, which could be involved in the present case. Alternatively, ATOH7 has recently been identified as a direct binding partner of CMYC [33] , raising the possibility of a direct NMYC/ATOH1 interaction.
ETV4 and ETS2 Also Enhance the Effect of ATOH1 on Pou4f3/GFP and Myosin7A+ Expression in the GER
ETV4 and ETS2 are the members of the ETS family of TFs. ETS proteins regulate multiple biological processes including cell proliferation, apoptosis, and differentiation of multiple cell lineages [34, 35] . The dysregulation of ETS family proteins is associated with many human cancers [36, 37] .
Interactions between ETS factors and bHLH TFs have been reported in other tissues. For example, transcriptional synergy between bHLH proteins is dependent upon ETS on the immunoglobulin μ heavy-chain gene enhancer [38] . ETS factors interact with bHLH proteins through their HLH-like domains [39] . The ETS domain binds DNA over a region spanning 12 to 15 bp, but it displays sequence preference for only∼9 bp with a central, invariant 5′-GGA(A/T) core [40] . ETV4 and ETS2 are predicted to bind the same conserved motif in the proximal homology region of the pou4f3 gene (Fig. 2) . Moreover, our immunoprecipitated data provides strong evidence of direct binding of hETV4 and hETS2 at this region. As above, DNA conformational changes could bring ATOH1 into proximity with these TFs to mediate direct interactions.
HES1 and HES5 Reduce the Effect of ATOH1 on Pou4f3/GFP and Myosin7A+ Expression
During normal development, progenitor cells that become supporting cells are prevented from expressing ATOH1 by Notch signaling. The Notch effector genes Hes1 and Hes5 are expressed in the developing mouse cochlea and influence cell fate determination by acting as negative regulators to inhibit the action of bHLH-positive regulators [41] . Cochleas from Hes1 knockout mice exhibit a significant increase in the number of IHCs, whereas cochleas from Hes5 knockout mice show a significant increase in the number of OHCs [42, 43] .
We identified potential HES-binding N-boxes that overlap two of the highly conserved E-boxes within pou4f3 regulatory DNA that can bind TFE2/ATOH1 heterodimers. It is therefore not surprising that HES1 and HES5 reduce the effect of ATOH1 on pou4f3/GFP and more generally on the HC phenotype expression. These results are consistent with a role for HES1/HES5 as a negative regulation of the pou4f3 gene via direct DNA binding.
NEUROD1 Also Reduces the Effect of ATOH1 on Pou4f3/GFP and Myosin7A+ Expression NEUROD1 (neuronal differentiation 1) also reduced the effects of ATOH1 in our study. This result is consistent with our current understanding of NEUROD1 and ATOH1 in the inner ear. Three proneural bHLH TFs (ATOH1, NEUROD1, NEUROG1) define and differentiate the cochlea sensory neurons and hair cells; NEUROG1 is necessary to induce sensory neurons [44] , NEUROD1 is necessary for sensory neuron survival and differentiation [45] , and ATOH1 is necessary for hair cell induction [1] . While there is no consensus binding site for NEUROD1 in the transgene, its preferred E-box binding motif differs by only one nucleotide from ATOH1 binding motifs [46] . Thus, direct competition for DNA binding is a possible mechanism of interaction.
SOX2 Does Not Enhance the Effect of ATOH1 on Pou4f3/GFP Expression in the GER
Sox2 is a high mobility group (HMG) box domain transcription factor that belongs to the B1 subfamily of Sox proteins [47] . Sox2 shows two seemingly contradictory functions in the developing inner ear. At an early development stage (embryo E12.5), ATOH1 is activated by SOX2; however, hair cell differentiation is prevented at later stages (E16.5) by the parallel activation of negative regulators of ATOH1 function [48, 49] . In our study, SOX2 had no significant influence on either pou4f3 or myosin7A expression, which may be due to the age (P1.5 day) used in our study.
Most TFs with Conserved Binding Sites in the Pou4f3 Gene Did Not Enhance the Effect of ATOH1 on Pou4f3/GFP Expression in the GER The remaining TFs, hCUX1, hE2F1, hFOXM1, hGABPA, hGATA1, hGATA2, hMAX, hMAZ, hMEIS, hNERF, hNFE2, hPATZ1, and hUSF2, did not alter the effects of hATOH1 in p1.5 GER cells. There are several possible explanations for this. While motifs that support binding of these factors are conserved in the pou4f3 gene, they may not support functional binding. The number of functional sites in the genome is well known to be significantly lower than the number of predicted sites [50] . Alternatively, these TFs may co-regulate to ATOH1 in other cell types and could be inactivated due to epigenetic effects in the inner ear. Another possibility is that these sites are functional in HCs at different stages of development, but are inactive at p1.5.
Triple or Quadruple TF Combinations Are Not More Effective than Double TF Combinations in HC Induction
To detect whether combinations of TFs greater than two further influence the effects of hATOH1, all potential triple or quadruple combinations of hATOH1 plus hTCF3, hGATA3, hETV4, or hNMYC were performed. None of the triple or quadruple TF combinations enhanced the effect of hATOH1 in induction of GFP+ or myosin7A+ cells over that seen with the double TF combinations. It is possible that HC induction is saturated at P1.5. These data also provide an additional control demonstrating that increasing the amount of plasmid, by itself, does not alter the effects of a fixed amount of hATOH1 plasmid.
Interestingly, transfection of 0.25 μg/μL hATOH1 plus hTCF3 plus hNMYC or hETV4 did not increase pou4f3/ GFP expression compared with 0.5 μg/μL hATOH1 alone. Low levels of ATOH1 do not drive cochlear neural progenitors into mature HCs [51] . Moreover, the level and duration of ATOH1 expression played a significant role not only in the survival of HCs but also in their degree of differentiation or even HC type [52] . This negative interaction might result from the low level of ATOH1 or the other TFs in GER.
Conformational Interactions in 5′ Pou4f3 DNA
Regulatory elements that control the transcription of genes interact physically at the site of transcription initiation. These interactions are facilitated by the mediator complex, which can link DNA binding proteins at distant sites, and by conformational changes in DNA that bring distant DNA elements into proximity [53] . Many other DNA binding and nucleosomal proteins can also induce bending of DNA (e.g., [54] ). Closely spaced palindromic sequences may induce hairpin turns in DNA, and several palindromic A/T and D/C repeats are present in the DNA separating distal homology region II from the proximal homology region. In addition, the inherent sequence structure of DNA affects its flexibility and shape [55] . We assessed the curvature of DNA in the 8.5 kb of 5′ pou4f3 DNA, using the ICGEB bend-it tool (http://hydra. icgeb.trieste.it/dna/bend_it.html). DNA curvature in the three highly conserved regions was very low. However, there were four sharp peaks of predicted curvature between 2.5 and 6. 5 kB 5′ from the ATG and one peak just 5′ to the proximal homology region, which could serve to bring distal homology region II to the transcriptional start site.
